Connexins (Cxs) are a family of transmembrane proteins that form gap junctions with unique and redundant biophysical functions. Juxtaglomerular cells express Cx40, which is crucial to the control of renin secretion by blood pressure and angiotensin II, and mice that lack Cx40 have high plasma renin and hypertension. To examine whether normal juxtaglomerular cell function depends on the unique properties of Cx40, we measured renin release in mice where the coding sequence for Cx40 was replaced by that for Cx45, using the knock-in method. We first found that the knock-in strategy indeed resulted in expression of Cx45 but not Cx40 in the juxtaglomerular cells of these mice. The plasma renin concentration of the knock-in mice was similar to that in wild-type mice. The high blood pressure of the Cx40 knockout mice was significantly reduced when Cx45 was knocked into the locus but remained mildly elevated compared to wild-type mice. Blockade of angiotensin II formation by enalapril increased the plasma renin concentration in wild-type and the Cx45 knock-in mice but not in the Cx40 knockout mice. Infusion of angiotensin II into isolated perfused kidneys results in decreased renin release, a phenomenon that was attenuated in the Cx40 knockout mice. However, in the Cx45 knock-in mice, angiotensin II suppressed renin release similar to its effect in wild type mice. Unilateral renal artery stenosis increased the plasma renin concentration and blood pressure in both the wild-type and the Cx45 knock-in mice but not in the Cx40 knockout mice. Since Cx40 can be replaced by Cx45, a connexin with a significantly lower conductivity, we suggest that the regulation of renin release is not dependent on the unique electrical properties of these channel proteins. The protease renin is synthesized and stored in the juxtaglomerular (JG) cells of the kidney and centrally controls blood pressure. After its secretion into the circulation, renin activates the renin-angiotensin system, resulting in elevated angiotensin II levels and increased blood pressure. Regulation of renin release requires a complex interplay of local and systemic factors including negative feedback loops. Thus, increased sodium chloride intake or blood pressure suppresses renin expression and release.
The protease renin is synthesized and stored in the juxtaglomerular (JG) cells of the kidney and centrally controls blood pressure. After its secretion into the circulation, renin activates the renin-angiotensin system, resulting in elevated angiotensin II levels and increased blood pressure. Regulation of renin release requires a complex interplay of local and systemic factors including negative feedback loops. Thus, increased sodium chloride intake or blood pressure suppresses renin expression and release. 1, 2 Moreover, angiotensin II, the main biological effector of the renin-angiotensin system, inhibits renin synthesis and secretion. [1] [2] [3] Recently, it was shown that suppression of renin release by blood pressure and angiotensin II is critically dependent on connexin40 (Cx40), the major connexin in renin-producing JG cells. 4 Connexins comprise a family of at least 20 different transmembrane proteins in mice and 21 in humans that are named for their molecular weight in kilodaltons. 5 Six connexins of the same (homomeric) or different (heteromeric) isoforms assemble in large transmembrane channels, termed connexons or hemichannels. Connexons of two adjacent cells can form gap junctions, connecting the cytoplasm of two neighboring cells and enabling intercellular communication. 5, 6 In addition to the formation of gap junctions, hemichannels have been suggested to release signaling molecules such as ATP from the intracellular compartment into the interstitial space, thereby mediating paracrine communication. 6 Besides their classical function as channels, gap junctions have been shown to provide adhesive contacts that are necessary for neuronal migration. 7 Gap junctional communication is important in the regulation of cardiovascular function. In the heart, electrical coupling of different cells of the conduction system and the working myocardium by gap junctions are required for proper propagation of electrical signals (reviewed in Kreuzberg et al. 8 ). In the vasculature, four different connexins are expressed: connexin37 (Cx37), Cx40, connexin43 (Cx43), and connexin45 (Cx45). 9 Cx40 is mainly expressed in endothelial cells and has been shown to be critical for the conduction of vasomotor responses induced by endotheliumdependent vasodilators or electrical stimulation. 10, 11 A major role for Cx40 in cardiovascular function is supported by increased blood pressure observed after pharmacological blockade of Cx40 12 and the marked hypertension of Cx40 knockout mice (Cx40KO). 13 This arterial hypertension was partially attributed to the impaired regulation of vascular tone in the microcirculation. 11, 13, 14 Besides this vascular phenotype, Cx40KO mice have markedly elevated levels of renal renin expression and plasma renin concentrations (PRCs). 4, 15, 16 Moreover, the inhibition of renin release by blood pressure is completely absent, and the suppression of renin secretion by angiotensin II is markedly attenuated, in Cx40KO mice as compared to wild-type mice. 4, 16 Interestingly, the inhibition of the renin system by increased salt intake, which represents the third negative feedback loop, is largely preserved in Cx40KO mice. 4, 16 Besides these functional consequences, the appearance and positioning of the renin-producing cells in the JG apparatus is disturbed in the absence of Cx40. 15, 16 These previous data clearly demonstrate that Cx40 is critical for both the proper control of JG cell positioning and renin release from JG cells.
Taken together, the existing data suggest that Cx40 is involved in the regulation of arterial blood pressure by at least two mechanisms: (1) a vascular component involving the conduction of vasomotor responses and (2) contribution to the regulation of renin release.
Until now, it has been unclear whether this fundamental role of Cx40 in renin-producing cells is attributable to unique properties of this connexin. One way to obtain deeper insights into the specific functions of a connexin is genetic replacement by a connexin with different biophysical properties. Therefore, we investigated the regulation of the renin system in mice in which the coding region of Cx40 was replaced by that of Cx45 (Cx40KI45). 17 Compared to Cx40 channels, Cx45 channels have a low electrical conductivity (20-40 vs 200 pS) 18, 19 and are more sensitive to the transjunctional voltage. [20] [21] [22] [23] Moreover, both channels are differentially regulated by cAMP, which is the main intracellular stimulator of renin release. 24 Although cAMP strongly increases the conductance and permeability of Cx40 gap junctions, 25 it reduces the conductance of Cx45 gap junctions. 19 In a previous study, arterial hypertension of Cx40KI45 mice was found to be significantly reduced when compared to Cx40KO mice despite equal impairment of the conduction of vasodilatations in the microcirculation. 26 These findings tempted us to speculate that Cx45 might have the capability to replace Cx40 functionally in its critical role of regulating renin release, thereby reducing arterial blood pressure. As this putative interchangeability of Cx40 and Cx45 would enhance the understanding of the specific role of Cx40, we investigated the regulation of the renin system in Cx40KI45 mice.
RESULTS
As shown by immunohistology in Figure 1 , Cx45 is expressed in glomeruli and afferent arterioles of both wild-type and Cx40KI45 mice. Although renin-producing JG cells of wildtype mice do not express Cx45 (Figure 1a and b, arrowheads), a punctuated staining pattern for Cx45 is found in JG cells of Cx40KI45 mice (Figure 1c and d, arrows) . Therefore, as the genetic approach used to generate Cx40KI45 mice results in a complete knockout of Cx40 mRNA and protein 17, 26 (Figure 2 ), Cx40KI45 mice are well suited for investigating the interchangeability of Cx40 and Cx45 in JG cells.
In the next set of experiments, systolic blood pressure was determined by tail-cuff plethysmography on 10 subsequent days in wild-type mice (n ¼ 12), Cx40KI45 mice (n ¼ 12), and Cx40KO mice (n ¼ 6). In line with previous results, 26 arterial hypertension as seen in Cx40KO mice (systolic blood pressure 154.2 ± 6.2 mm Hg) was reduced, but not completely absent, in Cx40KI45 mice (systolic blood pressure 139.1 ± 2.0 mm Hg, Po0.05 vs Cx40KO, Po0.05 vs wild type) when compared to wild-type mice (systolic blood pressure 131.4±2.4 mm Hg; Figure 3) .
In contrast to the incomplete normalization of blood pressure by Cx45 expression, plasma PRC and renal renin mRNA abundance were normal in Cx40KI45 mice (PRC 358.4 ± 55.9 ng angI/h per ml, mRNA 0.82 ± 0.06, n ¼ 7) as compared to wild-type mice (PRC 317.8 ± 72.5 ng angI/h per ml, mRNA 0.93 ± 0.33, n ¼ 7), whereas both parameters were markedly elevated in Cx40KO mice (3.3-fold and 2.4-fold vs wild types, respectively) ( Figure 4 , upper and middle panels).
Previously, the negative feedback control of renin release by angiotensin II had been demonstrated to depend on Cx40 critically. 4 We therefore tested if this function of Cx40 could be replaced by Cx45 by treating Cx40KI45 mice with the angiotensin I-converting enzyme inhibitor enalapril. As shown in Figure 4 , enalapril treatment increased PRC and renal renin mRNA expression to similar extents in wild-type and Cx40KI45 mice (PRC: wild type 3-fold, Cx40KI45 2.7-fold; renin mRNA: wild type 3.7-fold, Cx40KI45 4.4-fold; Figure 4 , upper and middle panels) and lowered systolic blood pressure with similar efficacy (wild type À12.6 mm Hg; Cx40KI45 À13.3 mm Hg). In line with our previous studies, 4 treatment of Cx40KO mice with enalapril did not stimulate PRC (1.1-fold of untreated control, NS), and it only slightly increased renal renin mRNA abundance (1.66-fold of control), although it markedly lowered arterial blood pressure (À21 mm Hg; Figure 4 ). Angiotensin II inhibits renin release by at least two mechanisms: (1) directly at the level of renin-producing cells and (2) by indirect mechanisms such as an increased blood pressure. Accordingly, increased PRC in response to angiotensin I-converting enzyme inhibition can result from direct or indirect effects such as P < 0.05 P < 0.05 3. a drop in arterial blood pressure. To limit these indirect factors, we used the isolated perfused kidney model. This model allows perfusion of the kidney at a constant pressure so that the effects of angiotensin II on renin release can be determined without confounding systemic factors. As renin secretion rates are rather low in isolated perfused kidneys under control conditions, secretion was prestimulated by the b-adrenoreceptor agonist isoproterenol (10 nmol/l). Isoproterenol stimulated renin secretion rates to similar extents in all three genotypes (Figure 5, inset) . In contrast, angiotensin II inhibited renin secretion with equal efficiency in kidneys of Cx40KI45 and wild-type mice (wild-type: IC50 33 pmol/l, Cx40KI45: 39 pmol/l; Figure 5 , upper panel), but not of Cx40KO (IC50 188 pmol/l). Notably, angiotensin II reduced the perfusate flow to similar extents in Cx40KO, Cx40KI45, and wild types.
A striking abnormality of Cx40KO mice is that they lack the regulation of renin release by blood pressure. 4, 16 In accordance with this characteristic, we confirmed here that unilateral renal artery stenosis did not further increase PRC or blood pressure in Cx40KO mice. In contrast, both parameters increased to a similar extent in wild-type (PRC from 346 ± 42 to 799 ± 125 ng angI/h per ml, systolic blood pressure increased by 25.4 mm Hg) and in Cx40KI45 mice (PRC from 327±44 to 981±132 ng angI/h per ml, systolic blood pressure increased by 24.7 mm Hg) ( Figure 6 ). In line with these findings, the side ratio of renin expression between hypoperfused (clipped) and intact (nonclipped) kidneys increased in Cx40KI45 mice to similar values as observed in wild-type mice; this characteristic response was almost blunted in Cx40KO mice ( Figure 6 ).
In parallel with the almost normal regulation of renin secretion and gene expression in Cx40KI45 mice, reninexpressing cells in the kidney also appeared at their typical JG position, whereas they were strikingly dislocated in Cx40 knockout mice (Figure 7) , as shown previously. in Cx40KI45 mice, we semiquantitated the mRNA expression of Cx37, Cx40, Cx43, and Cx45 in microdissected glomeruli with attached afferent arterioles. As expected, no Cx40 mRNA expression was found in Cx40KI45 mice, indicating deletion of the coding region for Cx40 (Figure 2a ). Cx45 mRNA abundance was similar in glomeruli of wild types and Cx40KO, but it was significantly elevated by 85% in Cx40KI45 mice as compared to wild-type and Cx40KO mice (Figure 2b ). The expression of Cx37 and Cx43 was not significantly altered in Cx40 or Cx40KI45 mice as compared to wild types (Figure 2c and d) .
DISCUSSION
Cx40 is the major connexin in renin-producing JG cells; it forms gap junctions between the JG cells themselves as well as between JG cells and neighboring endothelial and mesangial cells. [27] [28] [29] Deletion of Cx40 has been shown to result in a displacement of JG cells from the media layer of afferent arterioles of the kidney into the periglomerular interstitium 15 and even more strikingly in an abrogation of the classical inverse relation between blood pressure and renin release. 4, 16 Finally, the inhibition of renin release by angiotensin II is markedly attenuated by Cx40 deletion. 4 These previous results were confirmed by the present study. To determine whether control of the renin system requires unique functions of Cx40, we investigated the regulation of the renin system in mice in which the coding region of Cx40 had been replaced by Cx45.
Immunostaining for Cx45 demonstrated marked expression in the glomerulus and the afferent arterioles of wild-type mice (Figure 1) . However, the renin-producing JG cells did not show Cx45 staining, indicating that these cells do not normally express Cx45 protein. In contrast, JG cells of Cx40KI45 mice had a punctuated Cx45 staining pattern that is typical for connexins. As the coding region for Cx40 is deleted in Cx40KI45 these mice generally do not express Cx40 in any tissue and it can be concluded that JG cells of Cx40KI45 mice express Cx45 instead of Cx40. Therefore, these mice are a suitable tool to investigate the interchangeability of these connexins. As Cx40 is replaced by Cx45 not only in JG cells but also in other cells that normally express Cx40 such as vascular smooth muscle cells, 26 the functional consequences resulting from the replacement in these tissues might indirectly contribute to the regulation of renin release in Cx40KI45 mice.
Our data show that the functional regulation of renin secretion, as reflected by PRC, and of renal renin gene expression was normalized by Cx45 expression. Thus, PRC and renin mRNA levels were similar in Cx40KI45 and wildtype mice at baseline and in response to enalapril treatment or renal artery clipping. Together, the data clearly demonstrate that Cx45 can functionally replace Cx40 for control of renin secretion, indicating that regulation of renin release is not dependent on unique functions of Cx40. Besides the rescue of the control of renin release, the displacement of renin-producing cells from the media layer of the afferent arterioles was largely prevented in Cx40KI45 mice because renin expression occurred with the normal localization.
Replacement of one connexin gene by another has been performed for several different connexins and has revealed that connexins can possess either unique or redundant functions. [30] [31] [32] [33] [34] The effects of substitution of Cx40 with Cx45 on cardiac electrical conduction and conduction of vasomotor responses in arterioles have been investigated previously. 17, 26 In the conduction system of the heart, which expresses Cx40 and Cx45, Cx45 functionally replaced Cx40 in the right atrium, the atrioventricular node and the left His bundle but not in the left atrium or the right His bundle. 17 In the microcirculation, expression of Cx45 could not compensate for the lack of Cx40 as the conduction of vasodilatation to upstream sites induced by acetylcholine or bradykinin was markedly attenuated in Cx40KO and Cx40KI45 mice to similar extents. 26 Together, these data indicate that a given connexin can have unique functions that are not replaceable by another connexin in one tissue, although its functions can be less specific and thus replaceable in other tissues.
Despite the similar extent of attenuation of vasomotor responses in Cx40KI45 and Cx40KO mice, Cx40KI45 mice had a significantly lower blood pressure than Cx40KO mice. This previous result was confirmed in the present study and is well explained by restored control of renin release and resulting normal PRCs in Cx40KI45 mice as compared to Cx40KO mice. However, the blood pressure of Cx40KI45 mice was still slightly elevated when compared to wild types despite similar PRCs in both genotypes. Thus, these data suggest that besides the marked upregulation of PRC additional factors contribute to arterial hypertension in Cx40KO mice. Because these additional factors also occur in Cx40KI45 mice, they appear to be related to specific functions of Cx40 such as the conduction of vasodilatation in the microcirculation. 26 Although not unequivocal, 16 this conclusion is corroborated by data from previous studies 4 and the present study, showing that pharmacological blockade of the renin-angiotensin system does not completely normalize blood pressure of Cx40KO mice as would be expected in a purely renin-dependent form of arterial hypertension.
Gap junctions support the spreading of calcium waves from cell to cell, thus synchronizing the activity of vascular smooth muscle or endocrine tissues. [35] [36] [37] In our previous study, we showed that renin secretion from kidneys of Cx40KO mice was similar to that of wild-type mice under low extracellular calcium concentrations. 4 As there is abundant evidence that the spreading of calcium waves in the JG apparatus, including renin-producing cells, and in glomerular endothelial cells involves intercellular communication via gap junctions and Cx40, 38, 39 we postulated that Cx40 might be important for the induction or propagation of increased intracellular calcium concentration, the main intracellular inhibitor of renin release, 3 in JG cells. This concept initially appears to be contradicted by the intact calcium-dependent inhibition of renin release in response to angiotensin II in mice expressing Cx45 instead of Cx40 ( Figure 5 ) in the present study. Cx45 channels have a low electrical conductivity of 20-40 pS, whereas the conductivity of Cx40 channels is about 200 pS; the propagation of calcium waves should, therefore, be hindered in Cx40KI45 mice as compared to wild types. However, as only very few reninproducing cells are connected to neighboring endothelial or mesangial cells by Cx40 gap junctions, the signaling distances are short, and, therefore, even connexins with low conductivity might be able to compensate for the lack of Cx40.
Taken together, our findings show that Cx40 has a fundamental role in the control of renin synthesis, renin release, and blood pressure control. These marked functional effects are not specific for Cx40 because they can also be exerted by Cx45. Therefore, our results extend previous studies in Cx40KI45 mice demonstrating that Cx40 fulfills unique functions in certain tissues or cell types but has less specific functions in others.
MATERIALS AND METHODS Animal experiments
The experiments were conducted in 12-to 20-week-old homozygous Cx40KO and Cx40KI45 mice. 17 Age-matched wild-type mice served as controls. Strain backgrounds (C57Bl/6) of Cx40KO, Cx40KI45, and wild-type animals were considered identical after Cx40-deficient and Cx40KI45 mice were backcrossed seven times in a C57Bl/6 background. All animal experiments were performed according to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health and were approved by the local ethics committee.
Male mice were assigned to the following groups: (a) Enalapril treatment: seven mice of each genotype (Cx40KO, Cx40KI45, and wild types) received the angiotensin I-converting enzyme inhibitor enalapril (10 mg/kg per day) for 5 days through drinking water. Control mice (n ¼ 7 each genotype) received normal tap water. (b) Unilateral renal artery stenosis for 7 days: animals were anesthetized with sevoflurane, the left kidney was exposed by a small flank incision, and the renal artery was dissected from the renal vein and the surrounding tissue. Finally a U-shaped silver clip (0.11 mm inner diameter) was placed around the renal arteries of eight mice of each genotype, whereas no clip was placed in sham-operated mice (n ¼ 8 each genotype).
Blood sampling (20 ml) and determination of the PRC were performed as described. 4 Thereafter, the mice were deeply anesthetized with sevoflurane and killed by cervical dislocation, and the kidneys were removed quickly and frozen in liquid nitrogen.
Blood pressure measurements
Measurements of the systolic arterial pressure were performed noninvasively by tail-cuff plethysmography (TSE, Germany). Before the first blood pressure determination the animals were habituated to the experiment procedure by placing them into the holding device on 5 subsequent days. Blood pressure was determined on four subsequent days in the treatment groups. In a separate group of 30 mice (12 wild type, 12 Cx40KI45, and 6 Cx40), systolic blood pressure was measured on 10 subsequent days under control conditions.
Isolated perfused kidney model
Kidneys of wild-type, Cx40KI45, and Cx40KO mice were perfused as described in Schweda et al.
40
Isolation of glomeruli Glomeruli with attached afferent arterioles for the determination of Cx37, Cx40, Cx43, and Cx45 expression were obtained by a collagenase digestion protocol as described previously. 41 Determination of mRNA expression levels by real-time PCR Total RNA was isolated from glomeruli as described by Chomczynski and Sacchi. 42 The cDNA was synthesized by Moloney murine leukemia virus reverse transcriptase (Superscript; Invitrogen, Carlsbad, CA, USA). For quantification of mRNA expression of renin, b-actin, Cx37, Cx40, Cx43, and Cx45 real-time RT-PCR was performed using a LightCycler Instrument (Roche Diagnostics Corp., Basel, Suisse). 4 Immunohistochemistry For determination of renin and a-smooth muscle actin (Figure 6 ), kidneys were fixed in methyl-Carnoy solution (60% methanol, 30% chloroform, and 10% glacial acetic acid) as described previously. 43 Immunolabeling was performed on 5 mm paraffin sections. After blocking with 10% horse serum, 1% bovine serum albumin in phosphate-buffered saline (PBS), sections were incubated with anti-renin (generated by Davids Biotechnologie, Regensburg, Germany) or anti-smooth muscle actin (Beckman Coulter Immunotech, Marseille, France) overnight at 4 1C, followed by incubation with a fluorescent antibody.
For determination of Cx45 expression (Figure 1 ), kidneys were frozen unfixed in TissueTek OCT embedding medium (Sakura Finetek, Zoeterwouole, The Netherlands) and sectioned at 5 mm with a cryostat. Without further storing, sections were fixed in methanol at À20 1C for 20 min, washed three times in PBS, and blocked in a buffer containing PBS, 1% bovine serum albumin, and 10% horse serum for 30 min. Sections were incubated with primary antibodies anti-Cx45 1:800, anti-renin 1:200, and anti-a-SMA 1:400 at 4 1C overnight. Thereafter, sections were washed three times in PBS containing 1% bovine serum albumin and incubated with combinations of Cy2-, TRITC-, or Cy5-secondary antibodies (Dianova, Hamburg, Germany) for 90 min at room temperature. After washing in PBS, sections were mounted with Dakocytomation Glycergel mounting medium (Dako, Glostrup, Denmark) and viewed with an Axiovert Microscope (Zeiss, Jena, Germany). The primary antibody against Cx45 was provided by U Janssen-Bienhold (Department of Neurobiology, University of Oldenburg, Germany). It was raised in rabbits as described in detail previously. 44 
Statistical analysis
Values are given as mean ± s.e.m. Differences between groups were analyzed by analysis of variance and Bonferroni's adjustment for multiple comparisons. P-values less than 0.05 were considered statistically significant.
